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2ABSTRACT. The neutron capture cross section of 151,153Eu nuclei was
measured using the Detector for Advanced Neutron Capture Experiments
(DANCE) at the Los Alamos Neutron Science Center (LANSCE). Neu-
trons were produced at the Lujan Neutron Scattering Center and their en-
ergies were determined by the time-of-flight technique. The relative yield
versus neutron incident energy from 0.1 eV to 2.0 keV for both 151Eu(n,γ)
and 153Eu(n,γ) reactions was derived from events gated on the total en-
ergy and multiplicity measured by the DANCE array. The absolute cross
section was determined by scaling the relative yield to the measured cross
sections of well-known resonances. The shape of the yield curve agrees well
with previous measurements in the resonance region for both 151Eu and
153Eu capture cross sections. New data are reported for neutron incident
energies between 100 eV and 2.0 keV. The trend of data in the 0.3 keV to
2.0 keV region of neutron incident energy is consistent with the ENDF/B-
VI and the measurements of Macklin and Young. Crucial skills, acquired
from these measurements in the early implementation of DANCE, are im-
portant to plan future experiments, which will yield results up to a few
hundred keV neutron incident energy.
I. INTRODUCTION
Accurate measurement of the neutron capture cross section of 151,153Eu is important for
applied nuclear physics and for modeling of stellar s- and r-processes in the mass A ≈ 150
region. These cross sections have been measured in the past, see Refs. [1–6], and the existing
data in the 1-100 keV neutron energy region have discrepancies of as much as 30-40%. One
of the motivations for this work is to resolve this significant discrepancy.
The current measurement of neutron-capture cross section of 151,153Eu was carried out at
LANSCE using the DANCE array and neutrons with incident energy from thermal up to
3a few hundred keV. The DANCE array [7, 8] is a 4pi γ-ray calorimeter and consists of 160
BaF2 crystals, which is designed to capture all the decay γ rays for any given reaction in a
very high background environment. Previous measurements were made with much thicker
targets, which have different multiple-scattering effects, and with C6D6 detectors where the
background are qualitatively different. It is thus an important aspect of this work to compare
results obtained by these different methods.
The measured total γ-ray energy and multiplicity also can be used to characterize the
γ-ray strength function in 152,154Eu, which is important to our understanding of statistical
properties in nuclei. This will be discussed in a separate report.
II. EXPERIMENTAL DETAILS
The capture cross section was derived from events in the DANCE data stream with at-
tributes unique to the capture reaction in the measured total γ-ray energy and multiplicity.
First, events with a γ-ray multiplicity 3 or more were selected to maximize the signal-
to-background ratio. After the multiplicity selection, the summed γ-ray energy gate was
selected around the reaction Q-value plus neutron incident energy. Background from the
scattered neutrons was collected using a blank backing foil, which was then subtracted from
the above selected events. The relative yield versus the neutron incident energy was deter-
mined from those background-subtracted events. The absolute cross section was obtained
by normalizing the relative yield to the measured cross sections of well-known resonances.
Decay γ rays following the neutron capture of 151,153Eu were detected by the DANCE
array, which is located at the flight path 14 at the Lujan Neutron Scattering Center at
Los Alamos National Laboratory. The targets were made with highly isotopic enriched
samples and were electroplated on 2.29 mg/cm2 (0.0005 inches) thick Be backings. The
151Eu target, enriched to 96.83%, had a thickness of 0.836±0.040 mg/cm2. The 153Eu target,
enriched to 98.76%, had a thickness of 1.06±0.05 mg/cm2. The diameter of the deposits
was approximately 2.5 cm. The most significant impurity in the enriched 151Eu isotope was
153Eu, and vice-versa for 153Eu. A blank Be foil was used for background studies. Since this
4experiment was fielded in the early implementation of the DANCE array, a large fraction of
beam time was spent for optimization, and the effective data collection time was about a
day for each isotope used in the final analysis.
A The DANCE array
The DANCE array consists of 160 BaF2 crystals forming a sphere with an inner radius
of 18 cm. A 6LiH shell with an inner radius of 10.5 cm and outer radius of 16.2 cm is
placed surrounding the target as a neutron absorber to minimize the background caused by
scattered neutrons. The high segmentation and close packing of the detector array enable
the γ-ray multiplicity measurements. The DANCE array has an efficiency of about 86% for a
single γ ray and an energy resolution about 14%. Details of the DANCE array, its operation,
the data acquisition system, and the initial results can be found in numerous references;
wnr .lanl .gov/dance/workshop 2004/proceedings.html, [7–12, 15, 16]. The description of
the data collection is as follows.
The pulse from BaF2 scintillation is digitized using the Acqiris Model 265 digitizer at 500
MHz sample rate and stored as a waveform along with a time stamp. Data are collected
separately by either continuous or segmented trigger mode. In the continuous mode, the
digitization starts at a fixed time relative to the beam burst and continues for approximately
100 µs, the time duration set by the memory limitation of front-end computers. This is a
relatively short “looking time” compared to the 14 ms time duration covered by the seg-
mented mode, where events are trigged by a hardware requirement of at least two BaF2’s
having signals above threshold within the coincidence time window of 100 ns. The disad-
vantage of segmented mode is that the total deadtime is 3 µsec ( ∼ 2 µsec for digitization
and 1 µsec to re-arm) resulting in a deadtime greater than 50% near 2 keV neutron incident
energy. Data correction for the deadtime will be described in the next section. For the
current measurement, the data were collected in both modes and are consistent with each
other. The final results are mainly derived from the data collected in the segmented mode.
5B Neutron source and monitoring
The moderated neutron white source, with an energy range from thermal up to a few
hundred keV, was generated using a proton beam of 800 MeV and 100 µA average current
at a 20 Hz repetition rate on a W target. The neutron incident energy is determined by
time-of-flight. The flight path length is 20.25 m. The neutron flux is measured by three
different neutron monitors which are located about 2.4 m downstream from the target. They
utilized the 6Li(n,t), 10B(n,α), and 235U(n,f) reactions, respectively. The flux averages ≈
3x105 n/s/cm2 per energy decade and can be expressed in terms of a composite formula [17]
given by
F (En) = p0E
−p1

























for En < p2 where
z = (En − p2)α3, (3)
and α3 = 50, λ = 220000, K = 8.62× 10−5. The resulting parameters obtained from the fit
to the flux monitor readings are shown in Table I. The neutron flux and analytical formulae
given by Eqs. (1,2) are plotted in Fig. 1. The dips in the flux are due to strong resonances
in Mn and Al that are part of the beam components.
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FIG. 1: The measured neutron flux at DANCE using the BF3 monitor. The solid green line
is the fit to data. The description of the fit function is given in text.
III. DATA ANALYSIS
The neutron capture cross section on 151,153Eu was derived from events gated on the total
energy and multiplicity measured by the DANCE array. In this section, the necessary pro-
cedures to extract these quantities (the total energy and multiplicity) as well as the analysis
procedures for the deadtime correction, the background subtraction, etc are described.
A The total γ-ray energy and multiplicity
The event time and energy deposit for detected γ rays in each BaF2 crystal are deduced
from the recorded waveform using the sorting program called ANALYZER [12]. The wave-
form was determined using the Acqiris digitizer. The relative timing between each crystal
7TABLE I: Fit parameters for the neutron flux function for 100 µA current.
Parameter p0 p1 p2 p3 p4 p5 p6
Value 200 1 0.102 0.018 313 105.6 1.29
and crystal # 0 had a width of about 10 ns FWHM. The centroids of the time distribu-
tion of various crystals were offset, and adjusted to 0 offset in software. The total γ-ray
multiplicity for a given capture event is defined by the number of the individual DANCE
detectors triggered within a coincident time window of 50 ns. The total γ-ray energy is the
energy sum of all the coincident γ rays. Adjacent DANCE detectors which triggered within
the coincident time window are grouped together and counted as (cluster) multiplicity one.
A single γ ray may deposit its total energy in a several crystals because of Compton
scatter and pair production. Adjacent crystals that fire in an event are grouped together
as a “cluster”, and this “cluster multiplicity” is a good representation of the true γ ray
multiplicity, as shown by Monte-Carlo simulation [13, 14]. Multiplicity in this report refers
to the “cluster multiplicity”.
Sum energy spectra without background subtraction for the 151Eu target with a cluster
multiplicity of 3 to 6 are shown in Fig. 2 for three neutron incident energy regions. Since
the DANCE array is a γ-ray calorimeter, the summed energy should be close to the reaction
Q-value, 6.3 MeV for the neutron capture on 151Eu. However, the peak of this summed
energy is shifted to below 6 MeV because of the incomplete γ-ray energy collection due to
the detector threshold, internal conversion, isomers, and finite solid-angle coverage.
A peak in the sum energy spectrum above 8 MeV is caused by the capture of scattered
neutrons by the DANCE detector elements [13], which include 135,137Ba with Q-values 9.1
MeV and 8.6 MeV. This is a major source of background in the neutron-capture cross section
measurements using DANCE, in particular, for the neutron incident energy in the keV region
where the 8-9 MeV summed energy peak becomes prominent. However, this background
can be suppressed with a multiplicity requirement, since capture events originating in the
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FIG. 2: Sum energy spectra for the neutron capture on 151Eu in three neutron incident
energy regions, 2-15 eV, 15-100 eV, and 1-10 keV, are shown in separate panel. These data
are for multiplicities 3 through 6.
are characterized by low multiplicity. The more difficult component of the background due
to the Ba material is underneath the main Eu total energy peak. The even isotopes of the
detector scintillators 138Ba and 134,136Ba have Q-values 4.7 MeV and 6.9 MeV, respectively.
The relative yield versus the neutron incident energy for 151Eu determined by gating on
the multiplicity 3 and higher and the summed energy between 5.5 and 6.9 MeV, is shown in
Fig. 3. The left panel of this figure is the data with the neutron incident energy between 0.01
and 100 eV. The density of resonances increases dramatically as the neutron incident energy
increases. The data with the incident neutron energy up to 4.5 eV are shown in the right
panel. There are 10 resonances for the incident energy from 2 to 15 eV and approximately
70 for the incident energy from 15 to 100 eV.





















FIG. 3: Relative yield versus the neutron incident energy for 151Eu. The panel on the right
enlarges the graph for the incident energy below 4.5 eV
B The deadtime correction
As mentioned earlier, data collection was made with two trigger modes, continuous and
segmented. Counting rate losses due to the data acquisition deadtime are not an issue for
the continuous mode [9], where the Acqiris digitizer runs freely once the data acquisition
is triggered. However, the deadtime is substantial for the data collected in the segmented
mode, since an event triggered by external logic introduces a fixed 3 µs deadtime including
about 2 µs for event digitization. Correction for deadtime in the segmented mode was
performed analytically using the procedure outlined in [18] and details of this formulation
are described in Appendix A.
The relative yield with and without the deadtime correction versus the neutron incident
energy is shown in the upper panel of Fig. 4. The corresponding correction factor is shown
in the lower panel of this figure. Deadtime correction is considered unreliable when the
correction factor above f = 1.8, which corresponds to a neutron energy of approximately
1.9 keV (indicated by an arrow in the lower panel of Fig. 4.) This cut-off was established to
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FIG. 4: The deadtime-corrected relative yield for the segmented-mode data for 151Eu. In
the upper panel, the raw data prior to the deadtime correction are shown in black and the
deadtime-corrected data are shown in red. The corresponding correction factor is shown in
the lower panel.
C The background subtraction
Event timing relative to the LANSCE beam pulse is used to determine the incident energy
of neutrons from a white source (the time-of-flight technique). The pulse shape difference is
used for identification of alpha activity events which result from radium impurity in BaF2
crystals. Difference in the response of the BaF2 scintillator to alpha particles and γ-rays is
such that one can separate events due to alpha particle in the plot of the fast integral vs.
total (fast and slow) integral in Fig. 5. The pentagon shown in solid lines identifies events
due to alpha particle and is used to make cuts to exclude those events.
For the neutron-capture event, the calorimetric approach is used for the measurement of
total γ-ray energy (also called the summed γ-ray energy) events. The total γ-ray energy
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FIG. 5: The fast integral vs. total integral plot provides a clean identification of background
due to alpha activity in the BaF2 scintillators. The events from the alpha particles have
dominantly slow components, and therefore easily identified in the plot of the fast integral
vs. total integral, as enclosed in the pentagon.
peak should be close to the reaction Q-value plus the neutron incident energy. Background
exists under the peak of interest due to the finite energy resolution of the DANCE array.
For instance, the tail of the sum energy peak at 8 MeV, shown in the bottom panel of Fig. 2,
contributes to the background for the sum energy peak at 5.8 MeV which results from the
neutron capture on 151Eu. The sum energy peak at 8 MeV results from the capture of
scattered neutrons on the detector elements of the array, 135,137Ba. The origin of scattered
neutrons can be the target material itself, the backing material, or the material surrounding
the target. This background can be suppressed due to the multiplicity difference between
Eu capture events. Also, Ba capture, specially the tail of 135,137Ba capture peak which lies
underneath the 5.8 MeV Eu capture peak, can be estimated by the measurement with a
blank Be target.
12
The sum energy spectra obtained by gating on the neutron incident energy in the vicinity
of 0.321 eV and 0.460 eV resonances for both the 151Eu + Be data (the strongest resonance)
and the background, generated by a blank Be target, are shown in Fig. 6 as a function of
multiplicity gate. The background is dominated by events with M = 1, as expected. Thus
the multiplicity gate on the data will suppress the background due to the scattered neutrons.
This is particularly important for the data in keV region of neutron incident energy.
The estimate of residual background, after the multiplicity selection, was made by match-
ing the intensity of the sum energy peak at 8 MeV between the Eu+Be data (7-9 MeV) and
the blank Be data. Since this background is a function of the neutron incident energy, the
subtraction procedure was performed for individual neutron energy bins. The raw yield, de-
rived from events with multiplicity 3 and higher, for both the 151Eu+Be data and the scaled
blank Be data, as a function of neutron incident energy are shown in Fig. 7. Evidently, from
Fig. 7, the signal-to-background ratio deteriorates as the neutron incident energy increased
above the 10 keV region.
The quality of this subtraction is demonstrated in Fig. 8 and Fig. 9, where sum energy
spectra for the neutron incident energy of 15-100 eV and 1-10 keV, respectively, before and
after background subtraction are shown.
IV. RESULTS AND DISCUSSION
In this section, we address first the characteristics of γ-ray multiplicity, more specifically
the cluster multiplicity, for the neutron-capture reaction on 151,153Eu, and then the deduced
cross section.
A The cluster multiplicity distribution
Study of the γ cascade following the neutron capture is important to our understanding
of not only the nuclear statistical properties but also the reaction mechanism itself. We
will describe the property of this γ cascade from the point of view of the measured cluster
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FIG. 6: Sum energy spectra for the 151Eu data, shown in black, together with the back-
ground, generated by the Be foil shown in red. The neutron energy window is 0.24 eV
< En < 0.66 eV, around the strong resonances at 0.321 eV and 0.460 eV. The bump at 2
















FIG. 7: The raw yield for the 151Eu and the scaled background. A neutron-energy dependent
factor, obtained from the ratio of counts Be and 151Eu+Be in the region around 8 MeV (7-9
MeV), is applied to scale the background spectrum. The peak structure in the background
spectrum results from the pile-up and the Eu scattering events, which account for less than
1% of total events.
neutron incident energy 0.25 - 0.63 eV, 0.9 - 1.5 eV, and 200 - 500 eV. The first gate includes
the first two s-wave resonances in 151Eu+n at En = 0.321 eV and 0.460 eV. The resonance
in 151Eu+n at incident neutron energy 1.055 eV is included within the second gate. The
third gate includes a region of multiple unresolved resonances.
One striking feature of Fig. 10 is that the cluster multiplicity remains approximately the
same, which is an important property in the determination of cross section. The same feature
is also observed for the neutron-capture reaction on 153Eu, shown in Fig. 11, where three
cluster multiplicity distributions are displayed with gates on the neutron incident energy 2
- 10 eV, 10 - 20 eV, and 200 - 500 eV.
The cluster multiplicity distribution in two Eu isotopes is approximately independent of
the neutron energy, which is most likely due to the interplay between the high level density































FIG. 8: The sum energy spectrum before and after background subtraction. The neutron
energy spans from 15 to 100 eV. The inset shows a close look of the sum energy peak at 8
MeV before and after background subtraction.
between the capture and final states. The observed neutron resonances are essentially all s-
wave resonances in these Eu isotopes, which are located near the maximum of the 4s neutron
strength function. Since the ground states of both 151Eu and 153Eu have Jpi = 5/2+, the
s-wave resonances have Jpi = 2+ or 3+. The ground states for both 152Eu and 154Eu have Jpi
= 3−. The difference in spin is 0 or 1 between the initial (capture) and final (ground) states.
The level density in either the initial or final states is very high for the odd-odd compound
nuclei, 152,154Eu.
It is worthwhile to mention that the γ ray multiplicity is not constant with neutron energy
for all nuclei, in certain cases varies with the spin of neutron resonances when the difference
in the spin of the initial and final states is appreciable (i.e. at least two units). For example,


























FIG. 9: The same as in Fig. 8 but for the neutron energy region 1 to 10 keV.
nucleus is 0 and the capture state spin for s-wave resonances are 2 or 3, where ∆J= 2 or
3 is higher than 0 or 1 in Eu. Since the majority of the transitions are of dipole nature
which change the spin by 0 or 1 unit, the decay in this case may require more steps in the
cascade. The level density in Mo is much lower than in Eu as well, therefore fewer options
exist through which cascades proceed in the intermediate excitation region. As a result,
the multiplicity distribution in 96Mo is impacted more by the spin difference and varies
significantly for resonances with different spins. Such variation enables the resonance spin
assignment. For 147Sm [20], the spin difference between the initial and final states of the
compound nucleus is ∆J = 3 or 4 for s-wave resonances. This spin difference is even larger
than the 96Mo case (even though the level density is larger for Sm than for Mo) and leads
to a difference in the γ-ray multiplicity distribution for two spin possibilities, thus the spin
assignment for resonance can be made. A similar argument holds for p-wave resonances.

















En = 0.25 - 0.63 eVEn = 0.97 - 1.13 eVEn = 200 - 500 eV
FIG. 10: The cluster multiplicity distribution P(M) for the 151Eu(n,γ) reaction is shown
for three neutron incident energy regions for the 4.7 - 6.3 MeV summed energy gate. The
distribution is found to be approximately independent of the neutron energy.
151,153Eu. For the 151Eu target, the percentage of the total counts with cluster multiplicity 3
- 7 is 85±1.0% and the percentage of the counts with cluster multiplicity 1 and 2 is 15±1%.
The contribution from cluster multiplicity 8 and higher is negligible. The comparison of
this cluster multiplicity distribution from both the 151Eu sample and the Be foil is shown in
Fig. 12.
B Neutron capture cross section on 151,153Eu
For the determination of the neutron capture cross section of 151,153Eu, the events were
chosen with the cluster multiplicity between 3 and 6 and summed energy between 5.5 and 6.9
MeV. The background subtraction was applied to those selected events after the deadtime

















En = 2 - 10 eVEn = 10 - 20 eVEn = 200 - 500 eV
FIG. 11: The cluster multiplicity distribution P(M) for the 153Eu(n,γ) for three neutron en-
ergy regions. As observed in 151Eu, the multiplicity distribution is found to be approximately
independent of the neutron energy.
of the incident neutron energy was derived from those events by taking the neutron flux into
account.
The absolute cross section for the 151Eu(n,γ), shown in red filled circles in Fig. 13, was
obtained by scaling the relative yield data to the measured cross sections using the area
of the well-determined resonances at neutron energies 0.321, 0.460, and 1.055 eV given by
Widder et al. [1], shown in filled blue squares. We include new data up to 2 keV up to which
the deadtime correction is assumed to be reliable. Several measurements for the neutron
incident energy between 1 and 100 keV also are shown in the figure, which include the data
from Macklin et al. [2] plotted in open black triangles, Mizumoto et al. [4] in filled magenta
squares, Kononov et al. [3] in open blue circles, and the Maxwellian averaged cross section
data of Best et al. [6] in red filled triangles. The data from ENDF/B-VI are plotted with a
dashed line. Only the statistical error is shown for our data set. The systematic uncertainty
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FIG. 12: Comparison of the cluster multiplicity distributions P(M) of the 151Eu sample and
the Be foil.
associated with this experiment is estimated to be 5%, which includes the uncertainty in the
scaling procedure using the measured cross sections given by Widder et al. [1] and in the
background subtraction. The current cross section data derived from the measurement using
the DANCE array are indeed impressive; DANCE data presented here covers five decades
of neutron incident energy in one single measurement with only one day of effective running
time.
The quality of data is demonstrated by comparison between the current and previous
measurements at specific energy regions, shown in Figs. 14, 15, and 16. Fig. 14 shows
the comparison for the resonances at energies 0.321 and 0.460 eV, which were used in part
to obtain the scaling factor for the determination of absolute cross section. The ENDF
representations include the Doppler broadening. The comparison for resonances in 151Eu+n
with the neutron incident energy between 1 and 10 eV is shown in Fig. 15. The agreement

























FIG. 13: Neutron capture cross section of 151Eu.
comparison for neutron energy above 300 eV up to 100 keV is shown in Fig. 16. The previous
measurements for the neutron incident energy between 10 and 100 keV disagree with each
other by as much as 30 - 40%. By looking at the comparison of all data to ENDF, the trend
of present results is consistent with the data given by Macklin et al. [2] and the data from
ENDF/B-VI. For comparison, a scaled 1/v curve also is plotted using the dot-dashed green
lines. All data seem to deviate from the trend of 1/v.
Similar to 151Eu, the absolute cross section for the 153Eu(n,γ) reaction, shown in Fig. 17,
was obtained by scaling the relative yield to the measured cross sections of the area of
well-determined resonances at the neutron energies between 1 and 10 eV given by Widder
et al. [1]. Note that the 153Eu data given by Widder et al. were extracted by taking the
difference in data between a natural Eu and an enriched 151Eu sample. Only the statistical
error is shown for our data set. The systematic uncertainty is estimated to be 8%, which
includes the uncertainty in the scaling procedure using the measured cross sections given by






















FIG. 14: Neutron resonances for 151Eu + n for En = 0.1 - 1 eV.
The absolute cross section of the 153Eu(n,γ) in comparison with other measurements is
given in Figs. 18, 19 and 20. There is no visible resonance for the neutron energy between
0.1 and 1 eV in the 153Eu data, shown in Fig. 18, and the observed fluctuation near 0.4 -
0.5 eV neutron incident energy is the remnant after subtracting the trace contribution by
151Eu, the impurity in the 153Eu target. The comparison of resonances with the neutron
incident energy between 1 - 10 eV in 153Eu+n is shown in Fig. 19. Again, the agreement
with the data from ENDF/B-VI is about 10 - 15%. For the neutron incident energy above
300 eV up to 100 keV, shown in Fig. 20, comparison of the trend of the present results with
the ENDF evaluation does not provide any new insights and a more accurate measurement
in this energy range is necessary. The measured neutron capture cross sections are listed in























FIG. 15: Neutron resonances for 151Eu + n for En = 1 - 10 eV.
V. CONCLUSION
The neutron capture cross sections of 151,153Eu was measured for neutron incident ener-
gies from 0.1 eV to 2.0 keV using the DANCE array at Los Alamos National Laboratory.
New data between 100 eV and 2.0 keV neutron incident energy have been added. The
trend of these new data is in agreement with the work of Macklin and Young. Another
significant aspect of data analysis, the statistical nuclear study using the present DANCE
data, shall be published in a separate article [21]. This experiment was fielded during the
early implementation of the DANCE array. Since then, both the data acquisition and the
data analysis have been improved significantly. Most notably, with faster data acquisition
computers the time-of-flight range for the continuous trigger was extended by a factor of five
(to 500 microseconds) by introducing introducing the second “looking time” window and
by lengthening the time duration. At the same time, experimenters have gained experience























FIG. 16: A closer look at the keV neutron energy region in 151Eu.
complex and powerful spectrometer. The measurement of neutron-capture cross sections in
the keV region is very difficult with the DANCE spectrometer at its current location. How-
ever, methods to improve the reliability of neutron capture cross section measurement have
been identified as a result of this experiment, such as the use of a thicker self-supported
target. We believe it is plausible to measure the (n,γ) cross section for neutron incident
energy up to several hundred keV in the future.
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FIG. 17: Neutron capture cross section of 153Eu.
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